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a b s t r a c t
We present color digital holography using speckle illumination by means of a multi-mode ﬁber. In this
technique, speckle ﬁelds emitted from the ﬁber are used as both a reference wave and a wavefront
illuminating an object. For three wavelengths, the interference patterns of two coherent waves are
recorded as digital holograms on a CCD camera. A speckle method is used for suppressing DC terms and
reducing a twin image in an in-line color digital holography. The speckle ﬁelds are changed by vibrating
the multi-mode ﬁber using a vibrator, and a number of holograms are acquired to average reconstructed
images. The dependence of the averaged number of holograms on color quality of reconstructed images
is evaluated by chromaticity coordinates and color differences in colorimetry.
& 2013 The Authors. Published by Elsevier B.V.
1. Introduction
It is known that digital holography is a technique for the
recording and reconstruction of complex amplitudes of an optical
ﬁeld [1–4]. In this technique, an interference pattern of two coherent
wavefronts is detected and digitized by an image sensor such as a
CCD or CMOS camera, and digital holograms are saved into a
computer. The wavefront is reconstructed from the digital holograms
numerically. In a reconstruction process of the wavefront, DC terms,
real and twin images are produced simultaneously. In an in-line
setup, DC terms and a twin image are superimposed on a real image,
which causes a degradation of image quality [5–8]. In off-axis [9–14]
and phase-shifting digital holography [15–23], a real image is free
from the degradation due to these cumbersome terms while these
methods make a sacriﬁce of either temporal or spatial resolutions.
As an alternative method for reducing DC terms and a twin
image in an in-line digital holography, a technique using a speckle
illumination, which is called a speckle method, has been proposed
[4,24,25]. In this technique, an object is illuminated with speckle
ﬁelds generated from a diffuser. After acquiring a number of
holograms using statistically independent speckle ﬁelds, DC terms
are suppressed by applying a high-pass ﬁlter to each digital
hologram [26]. Real and twin images reconstructed from multiple
holograms are averaged for reducing the intensity ﬂuctuation of
real images due to speckle illuminations and eliminating a twin
image. After the averaging process, intensity distributions of a
twin image become a constant since it is regarded as a speckle
ﬁeld by the use of speckle illumination. Therefore, a twin image is
eliminated by subtracting the constant from the reconstructed
image. In comparison with the other methods, the speckle method
has several advantages in that spatial resolution in the three-
dimensional space and image quality are improved by the aver-
aging process since speckle noises are reduced in reconstructed
images and phase-shifting devices with high cost are not neces-
sary. Meanwhile, it has disadvantages in that temporal resolution
becomes lower due to the acquisition of a number of holograms
and phase information of reconstructed images is not directly
obtained since it is randomly modulated by the complex ampli-
tude of speckle illuminations.
Recently, we proposed the speckle method by means of a
multi-mode ﬁber in an in-line digital holography [27]. In this
method, we use speckle ﬁelds emitted from a multi-mode ﬁber as
both a reference wave and a wavefront illuminating an object.
To capture multiple holograms in the speckle method, speckle
ﬁelds are changed by vibrating the multi-mode ﬁber using a
vibrator, which is composed of the DC motor with a speed
controller. This method has several advantages in that (i) a simple
optical system is realized by means of an optical ﬁber, (ii) it
becomes easy to couple a coherent light into the optical ﬁber since
multi-mode ﬁbers have the larger core diameter in comparison
with single-mode ﬁbers and (iii) the speckle method can be
readily performed by using speckle ﬁelds emitted from the ﬁber
with a vibrator.
In the present paper, we report the application of this method to
color digital holography, which is actively researched in 3D color
imaging [28–38], recognition of a 3D color object [39], deformation
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measurement [40,41] and microscopy [42,43]. Although this technique
can acquire the three-dimensional color information of an object,
it has a disadvantage in that an optical system becomes quite complex
due to the use of three lasers operating at different wavelengths.
While an introduction of a ﬁber optic system is one of the methods for
overcoming this disadvantage, it causes a reduction of optical powers
in coupling laser lights with different wavelengths into an optical ﬁber,
in particular, in the case of a single-mode ﬁber. This problem is mostly
solved by means of a multi-mode ﬁber because of the larger core
diameter. The proposed method has an another advantage in that
color quality of reconstructed images can be readily improved by
averaging multiple holograms since color reconstructed images have
low quality due to speckle noise. In addition, to the best of our
knowledge, color digital holography using speckle illuminations has
not been reported elsewhere.
In Section 2, we introduce the theoretical background of the
recording digital holograms and reconstruction of wavefronts.
Section 3 describes the suppression of DC terms and reduction
of a twin image using the speckle method. In Section 4, we explain
the color analysis of reconstructed images. The experimental
results are shown in Section 5.
2. Recording digital holograms and reconstruction
of wavefront
Fig. 1 shows the schematic diagram of an optical geometry for
recording digital holograms. It is based on an in-line digital holo-
graphy. In this geometry, an image sensor is placed in the (xh, yh)
plane, which is called the hologram plane. A three-dimensional
object and a light source are placed in the (xo, yo) and (xs, ys) plane,
which is called the object and source planes. The object and source
planes are located at distances d and ds from the hologram plane.
A speckle ﬁeld emitted from a multi-mode ﬁber is used as a
reference wave, while an object wave is generated by illuminating
the object with the speckle ﬁeld. These waves interfere with each
other and are detected on the image sensor. It digitizes holograms
and digital holograms are acquired in a computer.
Complex amplitudes of object and reference waves on the
image sensor are derived from the Fresnel diffraction integral [44].
For simplicity, we carry out 1-D analysis, and constant terms and
the integral regions which span from 1 to 1 are omitted. The
complex amplitude UrðxhÞ of the reference wave in the hologram
plane is expressed as
UrðxhÞ ¼
Z
us1ðxsÞ exp
jπ
λds
ðxhxsÞ2
 
dxs
¼Us1ðxhÞ exp
jπ
λds
x2h
 
; ð1Þ
where us1ðxsÞ is a speckle ﬁeld emitted from a multi-mode ﬁber
in the source plane, λ is the wavelength of an optical source
and Us1ðxhÞ is
Us1ðxhÞ ¼
Z
us1ðxsÞ exp
jπ
λds
x2s
 
exp  j2π
λds
xhxs
 
dxs: ð2Þ
In a similar fashion, we obtain the complex amplitude UoðxhÞ of
an object wave in the hologram plane
UoðxhÞ ¼ exp
jπ
λd
x2h
 
F λd us2ðxoÞuoðxoÞ exp
jπ
λd
x2o
  
¼ exp jπ
λd
x2h
 
F λd½u′s2ðxoÞ; ð3Þ
where us2ðxoÞ is the complex amplitude of a speckle ﬁeld gener-
ated by the multi-mode ﬁber in the object plane, uoðxoÞ is the
complex amplitude of an object, F λd½ stands for the Fourier
transform modiﬁed by a factor of 1=ðλdÞ and u′s2ðxoÞ is
u′s2ðxoÞ ¼ us2ðxoÞuoðxoÞ exp
jπ
λd
x2o
 
: ð4Þ
The intensity distribution IHðxhÞ of the interference pattern of
object and reference waves can be written as
IHðxhÞ ¼ jUrðxhÞþUoðxhÞj2 ¼ jUrðxhÞj2þjUoðxhÞj2þU′oðxhÞþU′no ðxhÞ;
ð5Þ
where n stands for the complex conjugate and U′oðxhÞ ¼ UoðxhÞ
Unr ðxhÞ. In Eq. (5), the third term is a real image
U′oðxhÞ ¼ Uns1ðxhÞ exp
jπ
λdf
x2h
 !
F λd½u′s2ðxoÞ; ð6Þ
where df is a reconstruction distance of a real image given by
df ¼
1
d
 1
ds
 1
: ð7Þ
In the reconstruction process, the inverse propagation of
optical ﬁelds is simulated by using the Fresnel transform method,
which is called the single-FFT method [3,4]
urecðxrÞ ¼F 1λd ½SF ðxhÞIHðxhÞ
¼
Z
IHðxhÞ exp 
jπ
λdf
x2h
 !
exp
j2π
λd
xrxh
 
dxh ð8Þ
urecðxrÞ ¼Ddf ½jUrðxhÞj2þjUoðxhÞj2þDdf ½U′oðxhÞþDdf ½U′no ðxhÞ; ð9Þ
where xr is the coordinate in the reconstruction plane, Ddf ½ stands
for the optical propagation from the hologram plane to the
reconstruction plane and SF ðxhÞ is the quadratic phase factor for
focusing a real image expressed as
SF ðxhÞ ¼ exp 
jπ
λdf
x2h
 !
: ð10Þ
In Eq. (9), the ﬁrst, second and third terms are DC terms, real and
twin images, respectively.
In digital holography, an intensity distribution in Eq. (5) is
sampled by an image sensor and saved into a computer. A numerical
reconstruction of the object wave is performed by the fast Fourier
transform of digital holograms. The discrete form of Eq. (8) is
expressed for integers p and q as
urecðqΔ′Þ ¼ ∑
N=21
p ¼ N=2
IHðpΔÞ exp 
jπ
λdf
ðpΔÞ2
" #
exp j2π
λd
qΔ′pΔ
 
ð11Þ
for q¼ N=2; N=2þ1;…;N=21, where N is the data size of
digital holograms, and Δ and Δ′ are the pixel sizes of an image
sensor and the reconstruction plane, respectively. The coordinates xh
and xr are converted into pΔ and qΔ′. The pixel size Δ′ and the ﬁeld
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Fig. 1. Schematic diagram of an optical geometry for recording an in-line digital
hologram.
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of view V in the reconstruction plane are expressed as
Δ′¼ λd
NΔ
; V ¼ λd
Δ
: ð12Þ
Although the theoretical background in the discrete coordinate
should be explained in digital holography, we will use a continuous
coordinate for simplicity and brevity.
3. Speckle method
In an in-line digital holography, it is desirable to remove or
suppress DC terms and a twin image since these images overlap
with a real image and therefore image quality becomes lower [5–
8]. In the present paper, the speckle method is used for reducing
these terms [24,25]. In this method, a number of digital holograms
are captured by the CCD camera, and the reconstructed images are
averaged in intensity basis since the real image reconstructed from
a single hologram becomes low quality due to the spatial variation
of a speckle intensity incident on the object.
3.1. Suppression of DC terms
For suppressing DC terms in holograms, several high-pass
ﬁlters are proposed. The properties of these ﬁlters are derived
theoretically [26,45] and demonstrated experimentally [24]. As a
preprocessing before averaging reconstructed images of multiple
holograms, DC terms are suppressed by the numerical technique
based on high-pass ﬁltering of digital holograms in the spatial
frequency region [24,26]. The Fourier spectrum of digital holo-
grams is ﬁltered by a Gaussian ﬁlter expressed as
gðf xÞ ¼ exp 
f 2x
w2f
 !
; ð13Þ
where fx is the spatial frequency coordinate of a hologram and wf is
the extent of the Gaussian ﬁlter. A smoothed hologram is produced
by applying the inverse Fourier transform to the ﬁltered spectrum.
DC terms could be suppressed by subtracting the smoothed
hologram from the original one, which is a role in a high-pass
ﬁltering of the original hologram.
3.2. Averaging process of reconstructed images
After suppressing DC terms, reconstructed images are averaged.
Now, we notice the term of a real image in Eq. (9). It is expressed as
Ddf ½U′oðxhÞ ¼F 1λd ½Us1ðxhÞF λd½u′s2ðxoÞ
¼F 1λd ½Us1ðxhÞ  u′s2ðxrÞ; ð14Þ
where  stands for the convolution operation. The averaged
intensity distribution of the real image is obtained by
〈jDdf ½U′oðxhÞj2〉¼ 〈jF 1λd ½Us1ðxhÞ  u′s2ðxrÞj2〉
¼ 〈jF 1λd ½Us1ðxhÞj2〉  〈ju′s2ðxrÞj2〉: ð15Þ
Assuming that the reference wave has the large spatial extent in the
object plane, the intensity distribution of speckle ﬁelds becomes a
constant in reconstructed images after the averaging process and its
Fourier transform could be regarded as a Dirac delta function. Finally,
〈jDdf ½U′oðxhÞj2〉¼ 〈jF 1λd ½Us1ðxhÞj2〉  〈ju′s2ðxrÞj2〉¼ juoðxrÞj2〈jus2ðxrÞj2〉;
ð16Þ
where 〈jus2ðxrÞj2〉 is the averaged intensity distribution of the speckle
ﬁeld incident on the object, which is expressed as the Gaussian
function in the case of a multi-mode ﬁber
〈jus2ðxrÞj2〉¼ Ia exp 
2x2r
w2o
 
; ð17Þ
where Ia is a constant and wo is the extent of the Gaussian intensity
distribution in the object plane. This extent wo is given by
wo ¼ λðdsdÞπζo
; ð18Þ
where ζo is the speckle size in the exit surface of a multi-mode ﬁber,
which is given by the wavelength of an optical source and the
numerical aperture (NA) of an optical ﬁber
ζo ¼
λ
2NA
: ð19Þ
3.3. Reduction of twin image
Next, we consider the reduction of a twin image. After
suppressing DC terms and averaging reconstructed images, inten-
sity distributions in Eq. (9) are rewritten as
IrecðxrÞ ¼ 〈jDdf ½U′oðxhÞj2〉þ〈jDdf ½U′no ðxhÞj2〉: ð20Þ
It is assumed that the intensity distributions of a twin image
uniformly spread over the reconstruction plane and can be
regarded as speckle ﬁelds. Since real and twin images have the
same energies, the averaged intensity of a twin image is approxi-
mately derived from
〈jDdf ½U′no ðxhÞj2〉¼
EI
2N2
; ð21Þ
where EI is the total intensity of the reconstructed image. The twin
image is reduced by subtracting the value in Eq. (21) from the
intensities of reconstructed images.
4. Color analysis
To evaluate color quality of the reconstructed image in color
digital holography, we use chromaticity coordinates and color
differences in colorimetry [46]. The tristimulus values X, Y and Z
are expressed in the CIE 1931 supplemental colorimetric standard
system as
X ¼ k
Z 700
400
SðλÞOðλÞxðλÞ dλ
Y ¼ k
Z 700
400
SðλÞOðλÞyðλÞ dλ
Z ¼ k
Z 700
400
SðλÞOðλÞzðλÞ dλ; ð22Þ
where SðλÞ and OðλÞ are the spectra of a light source and an object,
xðλÞ, yðλÞ and zðλÞ are the two-degree color-matching functions and
k¼ 100R 700
400 SðλÞyðλÞ
: ð23Þ
A color image is obtained by the transformation of the tristimulus
values to the sRGB color space, which is given by
R
G
B
2
64
3
75¼M
X
Y
Z
2
64
3
75; ð24Þ
whereM is the transformation matrix, and R, G and B are the values
of red, green and blue in each pixel of a color image. In addition, the
chromaticity coordinates are given by
x¼ X
XþYþZ
y¼ Y
XþYþZ
z¼ Z
XþYþZ: ð25Þ
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Color differences are also derived from the tristimulus values,
which are used for calculating the CIELAB color space. It is given by
Ln ¼
116
Y
Yn
 1=3
16 ðY=Yn40:008856Þ
903:3
Y
Yn
 
ðY=Ynr0:008856Þ
8>><
>>:
an ¼ 500 X
Xn
 1=3
 Y
Yn
 1=3" #
bn ¼ 500 Y
Yn
 1=3
 Z
Zn
 1=3" #
; ð26Þ
where Xn, Yn and Zn are the values of the tristimulus values for the
appropriately chosen reference white, which is a perfect reﬂecting
diffuser in the present paper. If the differences between two colors
in Ln, an and bn are denoted by ΔLn, Δan and Δbn, then the color
difference ΔE is evaluated from
ΔE¼ ½ðΔLnÞ2þðΔanÞ2þðΔbnÞ21=2: ð27Þ
5. Experiment
Fig. 2 shows the experimental setup for recording color digital
holograms. Optical sources are DPSS lasers and a He–Ne laser with
the wavelengths of 473 nm (Spectra physics, EXLSR-473TL-KE,
10 mW), 532 nm (Thorlabs, DJ532-40, 40 mW) and 632 nm (NEC
Corporation, GLG5410, 20 mW), respectively. The coherent lights
emitted from the three lasers are launched into a multi-mode ﬁber
by an objective lens OB. It is a 12 step-index multi-mode ﬁber with
a core diameter of 400 μm (Ocean Optics, SPIT400-UV-VIS, NA¼
0.2270.02, 2 m), which is selected to readily change the spatial
distributions of speckle intensities emitted from the ﬁber and
improve the coupling efﬁciency of the ﬁber for three wavelengths.
Speckle patterns with three wavelengths are guided and split
by the ﬁber. One of the split lights is incident on a test object,
where object waves are produced. The other is reﬂected by a beam
splitter (BS) and used as speckled-reference waves. The object and
reference waves are coupled by the beam splitter (BS) again,
interfere each other and are detected on a monochrome CCD
camera (AVT, GC2450) having 24482050 pixels with a pixel
pitch of Δξ¼ 3:45 μm. For the three wavelengths, holograms are
acquired by the camera separately. All holograms are recorded
with N  N¼ 2048 2048 pixels initially.
A test object is a part of a doll with 10.0 mm 12.8 mm, which
is shown in Fig. 3. Speckle patterns are temporally and randomly
changed by vibrating the multi-mode ﬁber using a vibrator, which
is composed of a DC motor with a speed controller [47,48]. For
each wavelength, the multiple holograms are sequentially
recorded by the CCD camera at 10.57 fps. The revolution of the
motor is set to 500 rpm. Thirty holograms are recorded as a movie
to average reconstructed images in this experiment. To improve
image quality in the speckle method, statistically uncorrelated or
independent holograms are desirable. To evaluate it, cross-
correlation coefﬁcients of each hologram are calculated by
Cði; jÞ ¼ 1
n2sisj
∑
n
i ¼ 1
∑
n
j ¼ 1
½IiðxhÞ〈Ii〉½IjðxhÞ〈Ij〉
( )
; ð28Þ
where ia j, IiðxhÞ is an intensity distribution of holograms, 〈Ii〉 and
si are the mean and standard deviation of IiðxhÞ, n is the number of
holograms which are used in the averaging process. Fig. 4(a)–(c)
show histograms of cross-correlation coefﬁcients in thirty holo-
grams for three wavelengths. The means and standard deviations
of the cross-correlation coefﬁcients of the thirty holograms are
0.08 and 0.11 for 473 nm, 0.09 and 0.16 for 532 nm and 0.19 and
0.20 for 632 nm, respectively.
For the estimation of the reconstruction distance of real images,
the contrast of the reconstructed images is used [49], in which the
sharpness of images is evaluated by an image contrast for each
propagation distance. The holograms are reconstructed by the
Multi-mode Fiber
CCD 
PC 
OB : objective lens 
 BS : beam splitter 
OB
M Motor
BS BS 
Object
BS 
M : mirror 
Hologram 
B
G
R
Fig. 2. Experimental setup for color digital holography.
Fig. 3. Test object.
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Fig. 4. Histograms of cross-correlation coefﬁcients in thirty holograms for (a) 473 nm, (b) 532 nm and (c) 632 nm, respectively.
Fig. 5. Experimental results of the reconstructed images after suppressing DC terms and reducing a twin image. (a), (c) and (e) are the reconstructed images from one
hologram, and (b), (d) and (f) are the reconstructed images after averaging thirty holograms. The wavelengths in recording holograms are 473 nm for (a) and (b), 532 nm for
(c) and (d) and 632 nm for (e) and (f).
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single-FFT method. The reconstruction distances of real images are
obtained by the peak values of it and calculated to be df¼160 mm
for three wavelengths.
Next, the suppression of DC terms is performed by means of the
Gaussian high-pass ﬁlter in Eq. (13). The widths wf¼49, 57 and
65 pixels are used for 473, 532 and 632 nm, respectively. After
suppressing DC terms, the reconstructed images are averaged by
multiple holograms. Fig. 5(a)–(f) shows experimental results of
reconstructed images after suppressing DC terms and reducing a
twin image for three wavelengths. Fig. 5(a), (c) and (e) is the
reconstructed image from one hologram, and Fig. 5(b), (d) and (f)
is the reconstructed image after averaging thirty holograms.
Wavelengths in recording holograms are 473 nm for (a) and (b),
532 nm for (c) and (d) and 632 nm for (e) and (f). It is found in
these ﬁgures that image quality of real images is improved in Fig. 5(b),
(d) and (f) in comparison with Fig. 5(a), (c) and (e). Fig. 6 shows the
speckle contrasts of the reconstructed images with three wavelengths
for the number of holograms. This ﬁgure shows that the speckle
contrasts decrease with an increase in the number of holograms for
each wavelength, which implies that the intensity ﬂuctuation due to
the speckle illumination is reduced by averaging reconstructed
images and image quality is improved. The speckle contrasts in
Fig. 6 gradually converges and image quality of the real image does
not change any more after averaging ﬁfteen holograms in the present
case [50].
It is seen in Eq. (12) that the mismatch of a spatial position
occurs in each pixel of reconstructed images since the pixel sizes
depend on wavelength in the reconstruction process of the single-
FFT method, which causes the degradation in the color reproduc-
tion process. For adjusting the pixel sizes of reconstructed images
in three wavelengths, we use the zero-padding method [51].
Fig. 7(a)–(c) shows the reconstructed images in the sRGB color
space after the color reproduction process. It is seen from these
ﬁgures that image quality of the color image is improved as is the
case with Fig. 5. The color distributions in the marginal region of
the real image are residual twin images, which remain because the
assumption in Eq. (21) is not strictly satisﬁed in this case. To
quantitatively evaluate image quality in colorimetry, chromaticity
coordinates and color differences are calculated by using Eqs. (25)
and (27). Fig. 8(a)–(c) shows the two-dimensional frequency
distributions in the chromaticity coordinates of Fig. 7(a)–(c). The
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Fig. 7. Experimental results of the color images. (a) One hologram; (b) ten holograms; (c) thirty holograms.
x
y
0 0.2 0.4 0.6
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0
0.5
1
1.5
2
2.5
3
x
y
0 0.2 0.4 0.6
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0
0.5
1
1.5
2
2.5
3
x
y
0 0.2 0.4 0.6
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0
0.5
1
1.5
2
2.5
3
Fig. 8. Two-dimensional frequency distributions in the chromaticity coordinates of Fig. 7(a)–(c). The color bar means the frequency on a logarithmic scale. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
H. Funamizu et al. / Optics Communications 312 (2014) 245–251250
horseshoe-shaped curve in the white solid line and its inside are
spectral colors and the full color space. The triangle areas are a
true color space composed of the spectral colors in the three
wavelengths. It is seen in these ﬁgures that the frequency
distributions center around the white color (x, y)¼(1/3, 1/3) with
an increase in the holograms used in the averaging process and are
biased toward a pale color, which corresponds with the color
distribution in the test object shown in Fig. 3.
Fig. 9 shows the mean and standard deviation of color differ-
ences for the averaged number of holograms. To calculate the color
difference, the color image after averaging thirty holograms is
used as the reference of the color distribution. It is found in these
ﬁgures that the mean and standard deviation of color differences
slowly converge in comparison with speckle contrasts shown in
Fig. 6 and is high even in the case of twenty holograms since
ΔEZ3:0 is regarded as the different color in human eyes.
6. Conclusion
In the present paper, we reported color digital holography
using speckle illumination by means of a multi-mode ﬁber. In this
technique, speckle ﬁelds with three wavelengths were emitted
from the ﬁber and were used as both a reference wave and a
wavefront illuminating an object. The interference patterns of two
coherent waves were recorded as digital holograms on a CCD
camera for the three wavelengths. The speckle ﬁelds were changed
by vibrating the multi-mode ﬁber using a vibrator, and a number
of holograms were acquired to average the reconstructed images.
The speckle method was used for suppressing DC terms and
reducing a twin image in an in-line color digital holography. The
color quality of reconstructed images was evaluated for the
averaged number of holograms by chromaticity coordinates and
color differences in colorimetry. In conclusion, the proposed
method has several advantages in that a simple optical system is
realized by means of an optical ﬁber, the coupling efﬁciency of
an optical ﬁber in three wavelengths is improved by means of
a multi-mode ﬁber and image quality of color reconstructed
images can be improved by the speckle method.
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Fig. 9. Mean and standard deviation of color difference for the averaged number of
holograms.
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